The external loop airlift reactor (ELALR) is a modified bubble column reactor that is composed of two vertical columns that are connected with two horizontal connectors. Airlift reactors are utilized in fermentation processes and are preferred over traditional bubble column reactors because they can operate over a wider range of conditions. Computational fluid dynamics (CFD) simulations can be used to enhance our understanding of the hydrodynamics within these reactors. In the present work, the gas-liquid flow dynamics in an external loop airlift reactor are simulated using CFDLib with an Eulerian-Eulerian ensembleaveraging method in two-dimensional (2D) and three-dimensional (3D) coordinate systems. In addition, models are employed for the interphase momentum transfer drag coefficient and turbulence behavior. The CFD simulations for temporal and spatial averaged gas holdup are compared to the experimental measurements of Jones and Heindel [1] who used a 10.2 cm diameter ELALR over a range of superficial gas velocities from 0.5 to 20 cm/s. The effect of specifying a mean bubble diameter size for the CFD modeling is examined. The objectives are to validate 2D and 3D CFD simulations with experimental data in order to predict the hydrodynamics in an airlift reactor for future studies on scale-up and design. 
INTRODUCTION
Airlift reactors are widely used in many bioprocessing applications due to their excellent heat and mass transfer characteristics, simple construction, and ease of operation [2] . The airlift reactor is made of two sections interconnected at top and bottom with horizontal connectors. One section (the riser) is gased, while the other (the downcomer) is not. As a consequence of the density difference between the bubbly mixture in the riser and liquid in the downcomer, the liquid starts to circulate [3] . Two basic classifications of airlift reactors are the internal loop and external loop reactors. An internal loop reactor is a modified bubble column that has been subdivided into a riser and downcomer by the addition of a bafile or a draught tube [1] . The external loop airlift reactor (ELALR) is composed of a riser and downcomer that are joined together with two horizontal connectors. A schematic of an ELALR is shown in Figure 1 . The airlift reactors are preferred over traditional bubble column reactors due to well directed liquid circulation, thus facilitating the cultivation of shear sensitive organisms; as a result these reactors are widely used in the biochemical industry and for waste water treatment [ 4] . Airlift reactor hydrodynamics are studied experimentally and computationally for scale-up and design considerations. Fullscale experimentation in airlift reactors is expensive and therefore, a more cost-effective approach is by using validated computational fluid dynamics (CFD) models.
In the past, numerous research projects have been performed experimentally [I , [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] and computationally [3] [4] [18] [19] to develop a better understanding of airlift reactor hydrodynamics. Numerical simulations of airlift reactors employing an Eulerian-Eulerian two-fluid model [3] [4] [18] [19] were surveyed and literature on Eulerian-Lagrangian simulations of airlift reactor hydrodynamics were not found.
The Eulerian-Eulerian model treats dispersed (gas bubbles) and continuous (liquid) phases as interpenetrating continua, and describes the motion for gas and liquid phases in an Eulerian frame of reference. Mudde and van Den Akker [3] and van Baten et al. [19] performed two-dimensional (2D) and three-dimensional (3D) simulations of gas-liquid flows for an internal airlift reactor using an Eulerian-Eulerian approach. Mudde and van Den Akker [3] investigated a rectangular reactor whereas van Baten et al. [ 19] studied a cylindrical reactor. Other investigators, such as Wang et al. [ 18] who conducted two-dimensional steady state simulations of a cylindrical external loop airlift reactor and Roy et al. [4] who conducted three-dimensional steady state simulations of a cylindrical external loop airlift reactor, used the EulerianEulerian method as well. It should be noted that Wang et al. [18] conducted experiments in addition to numerical simulations.
In the present work, the gas-liquid flow dynamics in an external loop airlift reactor are simulated using CFDLib in twoand three-dimensions. The Schiller-Naumann drag coefficient model is used and the turbulence model employed is either the bubble-pressure with bubble induced turbulence (BP+BIT) or the multiphase k-e model. An appropriate effective bubble diameter size is determined based on the superficial gas velocity in a parametric study for both 2D and 3D simulations. Simulations of the airlift reactor operated with different downcomer configuration modes are investigated. Temporal and spatial averaged gas holdup over a region in the riser and downcomer are computed using an averaged pressure difference method and compared to the experimental measurements for a cylindrical external loop airlift reactor. The objectives are to validate the CFD simulations with experimental data in order to determine an appropriate set of model parameters for future design analyses.
NUMERICAL FORMULATION

Governing equations
The code, CFDLib, a multiphase simulation library developed at Los Alamos National Laboratory, is used to solve the governing equations for the two-phase flow of this study. The two-fluid Eulerian-Eulerian model is employed to represent each phase as interpenetrating continua and the conservation equations for mass and momentum for each phase are ensemble-averaged. Subscript c refers to the continuous (liquid water) phase and subscript d refers to the dispersed (air bubble) phase. The continuity equations for each phase, neglecting mass transfer, are:
, c c c
The momentum equations for each phase are:
The terms on the right hand side of Equations (3) and (4) represent, from left to right, the pressure gradient, effective stress, interfacial momentum exchange (drag and virtual mass forces), and the gravitational force. The closures for turbulence modeling and interfacial momentum exchange in Equations (3) and ( 4) are discussed next.
Turbulence modeling
Turbulence contributions for the continuous and the dispersed phases are modeled through a set of modified standard k-& equations that calculate the turbulence generated at the gas-liquid interface in the form of a slip-production energy term [20, 21] . The modified k-& equations are used only for high superficial gas velocity flows and the equations are:
It should be noted that the subscripts k and I represent two different phases. The first three terms on the right hand side of Eq. (5) account for turbulent diffusion, mean flow shear production, and decay of turbulence kinetic energy of phase k, respectively. The fourth term on the right hand side of Eq. (5) accounts for production of turbulence energy from slip between phases. The coefficient pkl is given by:
Copyright © 2008 by ASME where a 1/ 3 at=_t_ Pt +pc (11) and Pc is the continuous phase density. The last term in Eq. (5) accounts for the exchange of turbulence energy among phases. The ftrst three terms on the right hand side of Eq. (6) account for the diffusion of turbulence dissipation, the mean flow velocity gradient production term, and the homogeneous dissipation term, respectively. The last group of terms in Eq. (6) describes the effect of interfacial momentum transfer on the production of turbulence dissipation. The form of Eq. (9) models a return-to-isotropy effect due to fluctuating interfacial momentum coupling and reduces the turbulent viscosity from that predicted by the single-phase model. The turbulence energy exchange rate coefficient Ekl is given by: (12) and Re is the bubble Reynolds number to be discussed later.
The time constant T 11 is given by the following empirical correlation:
This correlation was obtained by fttting predictions of turbulence kinetic energy to data from experiments on homogeneous sedimenting and bubbly systems [22] [23] [24] [25] . The term K 11 is the momentum exchange coefficient and the model will be discussed next. Equations (7) and (8) 
Interfacial momentum exchange
The interfacial momentum exchange terms in the momentum conservation equations for each phase consist of drag and virtual mass force terms. The drag force for the gas and liquid is modeled, respectively, as: (14) 397 where Cn is the drag coefficient. The virtual mass force F...., is modeled as:
. ..
• d c dt dt (15) and the coefficient of0.5 is used for a spherical bubble.
Drag coefficient model
The drag coefficient model proposed by Schiller and Naumann [26] is used in the present work:
Re > 1000 (16) where Re = Pc iud -ucidb/ . Uc is the bubble Reynolds number based on a characteristic (effective) bubble diameter, relative velocity between the two phases, and the liquid density and dynamic viscosity.
Bubble Pressure Model
The bubble pressure (BP) model represents the transport of momentum ansmg from bubble-velocity fluctuations, collisions, and hydrodynamic interactions. The BP model is reported in the literature to play an important role in bubblephase stability [27] . Biesheuvel and Gorissen [28] proposed a bubble pressure model of the form: (17) The gradient of Eq. (17) is added to the right hand side of the gas momentum Eq. (4). A positive value of dP ,/da.:t acts as a driving force for bubbles to move from areas of higher a.:t to areas of lower a.:t and facilitates stabilization of the bubblyflow regime. The virtual mass coefficient C 8 p of an isolated spherical bubble is 0.5. The bubble pressure is proportional to the slip velocity and gas holdup. The gas holdup at close packing adcp is set equal to 1.0 in this study.
The BP model must be employed with a bubble induced turbulence (BIT) model to obtain numerical stability and they are only used for low superficial gas velocity flows (typically homogeneous flow) [29] [30] . Sato et al. [31] proposed a BIT model proportional to the bubble diameter and slip velocity of the rising bubbles: (18) where the value of the proportionality constant C 8 r is 0.6. Eq.
(18) replaces Eq. (7) when the BIT model is applied. The BIT model yields an effective viscosity in the liquid (continuous) phase that is the sum of the molecular viscosity of the continuous phase and the turbulent viscosity calculated from the BIT model, whereas the effective viscosity for the dispersed phase is assumed to equal the molecular viscosity of the dispersed phase.
SIMULATION CONDITIONS
CFDLib uses a finite-volume technique to integrate the time-dependent equations of motion that govern multiphase flows. The code is based on an Arbitrary Lagrangian-Eulerian (ALE) scheme as described by Hirt et al. [32] . The name refers to the flexibility of the scheme, which allows for the mesh either to be moved along with the fluid (Lagrangian), to remain in a fixed position (Eulerian), or to be moved in another fashion as selected by the user. The ALE scheme is designed to handle flows at any speed, including the incompressible flow and hypersonic flow, and it allows for multifluid and multiphase calculations for an arbitrary number of fluid fields. The Marker and Cell (MAC) method has been selected in CFDLib to simulate the incompressible gas-liquid two phase flow.
Simulations are performed using a fixed grid to match the experimental conditions of Jones and Heindel [I]; the cylindrical external loop airlift reactor is H 1 = 2.4 m high for a No-slip and outflow conditions are applied at the walls and top of the column, respectively. If the vent is closed, the noslip condition is applied; otherwise the outflow condition is used for the open vent. An effective bubble size db depending on the superficial gas velocity is used to represent the dispersed gas phase. The convergence criteria are set to 1 x 1 o· 8 for a change in the residuals of the dependent variables. All the simulations used an adaptive time step to march the solution forward; the flow achieves a pseudo-steady state after 20 s. The time-averaging process includes results from 20 s to 90 s for a total of 7000 realizations. The simulations are performed at 1, 5, 10, 15, and 20 crnls superficial gas velocity.
For the following section, the averaged gas holdup for a region within the height a and b in the column is defined as (20) 398 where P 1 , p 1 , hab• and g are the liquid hydrostatic pressure, liquid density, height difference between a and b, and gravitational acceleration. The over bar represents the temporal and spatial average of the studied variable. The heights a and bare 10.2 and 110.5 em, respectively, in the riser column, and 5 and 67.1 em, respectively, in the downcomer column.
RESULTS AND DISCUSSION Bubble Column (BC) Study
The 2D and 3D computational domains were simulated using a Cartesian coordinate system. The 2D simulation used 13333 single-block structured cells with /);x = 0.408 em and Ay = 0.45 em, whereas the 3D grid used 48000 multi-block structured cells with /);x = 0.25-0.50 em, Ay = 0.25-0.50 em, and !lz = 1 em. The Ay and !lz represent vertical increments in 2D and 3D, respectively. The BC mode simulations were conducted for the riser column only; as mentioned, the external loop airlift reactor approximates a semi-batch bubble column when both the valve A and vent B are closed [1] . For the BC study, the computational models are tested to determine the effects of selecting an effective bubble diameter, turbulence modeling, and 2D versus 3D simulations. Figure 2 is ± 0.015. The effective bubble diameter size used was guided by experimental observations [35] , which were reported to be within 0.4 and 0.5 em, depending on the superficial gas 0.45 ~ . velocity. As a starting point, the effective bubble diameter used in the 2D simulations was 0.4 em for Ug = 1, 5, and 10 crn!s. For U 8 = 15 crnls, db= 0.5 em was used and for U 8 = 20 crnls, db= 0.6 em was specified. The reason for using larger effective bubble diameters with increasing gas velocity is that the averaged gas holdup magnitude is found to be inversely proportional to the bubble diameter size with 2D simulations. The 2D predictions agree well with the experiments except at U 8 = 5 crnls, which is considered a transitional flow regime [33] . Two turbulent models, the BIT and the multiphase k-c models were tested at 5 crnls superficial gas velocity. The BP+BIT model predicts a slightly larger gas holdup as compared to the multiphase k-c model but neither 2D case compares well with the experiments. The simulation predicts the experiment well at 1 crnls superficial gas velocity that employs the BP+BIT model, which is expected for a homogeneous flow [30, 34] .
A parametric study of the effective bubble diameter was also performed for 3D simulations. At 15 crn!s superficial gas velocity, the 3D simulation underpredicts the experiment using db = 0.5 em whereas the predicted gas holdup has a closer agreement with the experiment when db = 0.4 em. This finding further substantiates that the bubble diameter size is within the experimental observations of Jones [33] . It should be noted that the 3D simulation using BP+BIT model with 0.4 em bubble diameter size resolves the failed prediction by the 2D simulation at 5 crnls and the 3D simulation compares very well with the experiment. Figure 3 shows the comparison of averaged gas holdup at 15 crnls superficial gas velocity for the 2D and 3D simulations. 3D simulations are generally comparable with each other. The 2D simulation predicts a higher bed height as compared to the 3D simulation, which corresponds to the higher gas holdup as shown in Figure 2 .
Open Vent {OV) Study
The 2D computational domain was simulated to compare with experiments of the OV mode [1]. The 2D simulation used 7574 block structured cells with ,ix = 0.408-0.50 em and ~y = 0.90-1.25 em. Figure 4 compares averaged gas holdup for the 2D simulations with the experiments [ 1] at various superficial gas velocities for the riser and downcomer. The absolute gas holdup uncertainty for the experiments presented in Figure is ± 0.015. Predictions generally agree well with the experiments except at 5 crnls superficial gas velocity and this finding is similar to BC mode study. Both turbulent models were tested. Likewise, the BP+BIT model has a closer agreement with experiment as compared to the multiphase k-e model. It should be noted that the downcomer simulation predicted by the BP+BIT model compares well with the experiment for 5 crnls superficial gas velocity. The simulation predicts both the riser and downcomer experiments quantitatively well for U 8 = 1 crn!s when the BP+BIT model is employed and at higher superficial gas velocities that employ the multiphase k-t: model. The effective bubble diameter size used in the simulations is .I.
• . ··.:.
• also found to increase as the superficial gas velocity increases and Jones and Heindel [l] observed similar trends. The 3D simulations for the OV mode that will be performed as future work have the potential of delivering closer bubble diameter size to the experimental findings based on the previous discussion of the BC mode study.
Comparison of Different Configuration Modes
A comparison of different configuration modes is investigated. The simulations are conducted at 10 crnls superficial gas velocity in a 2D Cartesian coordinate system. The intention is to understand the flow dynamics within the reactor operated with different downcomer configurations. Figures 5 and 6 present the instantaneous and time-averaged gas holdup results, respectively, for the BC, CV, and OV configuration modes. The instantaneous gas holdup exhibits a vortex street structure in the liquid bed for all modes. The OV mode gas holdup distribution becomes smeared near the upper connection of the downcomer as compared to the CV mode. The CV mode predictions indicate a higher expansion of the bubbling bed to approximately 190 em. For both the CV and OV modes, a large gas bubble region is observed in the downcomer in the vicinity of the horizontal connector at 127 em height. Jones and Heindel [1] obtained similar gas bubble profiles at the mentioned location and qualitatively compares well with the CFD predictions. Furthermore, zero gas holdup is predicted in the lower liquid bed region of the downcomer in the CV mode simulation and it agrees well with the experimental findings [1] . For the time-averaged gas holdups shown in Figure 6 , both BC and CV modes predict a gas-rich central region in the riser, whereas the OV mode predicts nonuniform gas holdup.
CONCLUSIONS
The gas-liquid flow dynamics in an external loop airlift reactor were simulated using CFDLib in two-and threedimensional Cartesian coordinates using the Schiller-Naumann drag coefficient model. The turbulence modeling choices of BP+BIT or multiphase k-e model, and a parametric study on the appropriate effective bubble diameter size was performed. Simulations of the airlift reactor operating with different downcomer configurations were also investigated. Temporal and spatial averaged gas holdup was computed using an averaged pressure difference method and compared to the experimental measurements for a cylindrical external loop airlift reactor. For the BC mode, the numerical predictions agree well with the experiments except at 5 crnls superficial gas velocity, which is considered a transitional flow regime. The effective bubble diameter size used in the simulations was found to be close to experimental observation that is within 0.4 and 0.5 em and this notion was further substantiated when the simulation was performed for a 3D domain. The BP+BIT model predicted a closer gas holdup magnitude to the experiment at 5 crnls superficial gas velocity as compared to the multiphase k-e model Similar findings in terms of bubble diameter size and turbulence models were found for the OV mode study. The bubble diameter size for the simulations increased as superficial gas velocity increased for both BC and OV modes. Simulations of different configuration modes predicted instantaneous gas holdup~ of both CV and OV modes, especially at the downcomer regwn, which agreed well with the experiments. In general, both BC and CV modes predicted a central gas rich region whereas the OV mode predicted a nonuniform gas holdup distribution in the external loop airlift reactor column.
ACKNOWLEDGMENTS
The authors would like to thank the generous financial support from the U.S. Department of Agriculture, Grant no. 
